Over the past decade, the gut microbiota has emerged as an essential mediator in the pathophysiology of obesity and related metabolic disorders. In this context, the reciprocal interactions of the gut microbiota structure and their metabolite profiles with host metabolism predisposing to a range of pathological conditions (e.g., insulin resistance) related to energy homeostasis have been increasingly discussed in various animal models and human cohorts. Remarkably, as the role of gut microbial metabolites as critical signaling molecules that function through the complementary host receptors has come to be appreciated, tremendous attention has been focused on the proposed diet-gut microbiota-host homeostasis axis, entailing extensive cross-disciplinary efforts in medical, pharmaceutical, and agricultural sciences. This review will discuss the recent advances in understanding the mechanisms whereby the gut microbiota modulates the effects of diet and shapes the host metabolism either towards or away from obesity and related metabolic conditions. In particular, the interactions of short chain fatty acids (SCFAs), a subset of key gut microbial metabolites, with their specific receptors will be reviewed in relation to host energy homeostatic regulation and evaluated for potential as novel therapeutic targets for diet-induced obesity.
INTRODUCTION
Obesity is a metabolic disorder characterized by disrupted dynamics of energy homeostasis, which depends on the equilibrated dietary intakes and expenditure. The pathogenesis of obesity entails a complex interplay of genetic susceptibility, environmental, and lifestyle factors. The current obesity epidemic, in the context of lifestyle, is plausibly attributed to the growing consumption of westernized, calorie-dense diets of high sugar and saturated fat content. Multiple obesity-associated health consequences have been documented, including increased risk for Type 2 diabetes, cardiovascular disease, and several cancers, contributing to an enormous economic burden and consumption of medical resources [1] [2] [3] . In recent years, the gut microbiota has emerged as an integral mediator in diet-induced obesity and hence attracted increasing attention as a potential nutritional and pharmacological target in the management of obesity and related conditions. The gut microbiota is functionally highlighted in its potential to ferment the otherwise nondigestible dietary carbohydrates, produce micronutrients, regulate host energy metabolism, and to reciprocally crosstalk with the immune system [4] [5] [6] . Therefore, dysbiosis of the gut microbiota has been implicated in a multitude of metabolic alterations.
This article will review the current perspectives and recent advances with regard to the role of the gut microbiota in shaping host metabolism and modulating the predisposition to obesity. In particular, the mechanisms underlying the impacts of short chain fatty acids (SCFAs), a group of key metabolites of the gut microbiota, on host insulin-mediated glucose homeostasis and adiposity [7] [8] [9] will be discussed.
GUT MICROBIOTA STRUCTURE AND OBESITY
The earliest evidence that substantiated the role of the gut microbiota in modulating host adiposity, as reported by Gordon and coworkers [10] , described specifically the observation that germ-free (GF) mice consistently had less body fat than conventionalized SPF (specific pathogen free) ones, albeit with increased food consumption and less energy expenditure. Notably, the gut microbiota of obese mouse models manifested hyperexpression of genes that encode enzymes involved in the fermentation of indigestible polysaccharides and hyperexpression of the genes for lipoprotein lipase (LPL), which functions to hydrolyze lipoprotein triglycerides and to promote the cellular uptake of triglyceride-derived fatty acids [11] . Therefore, it is not surprising that the obese mice exhibited higher levels of fecal acetate and butyrate and less fecal energy loss than their lean counterparts. Gordon and colleagues further revealed that the obesity phenotype was correlated with a shift in the relative abundance of the Bacteroidetes and Firmicutes phyla, which collectively constitute more than 90% of all phylogenetic types of gut microbes, toward Firmicutes dominance [10] . Significantly, implantation of normal and obese microbiotas into the gut of a GF mouse led to increased body fat mass, adding to the evidence that the gut microbiota is a contributing factor to the pathophysiology of obesity in a structure-dependent manner [10] .
In the light of these findings, the pathological implications of the gut microbiota in obesity have been increasingly discussed in animal models and human cohorts with the aid of the state-of-the-art genomics and other omics tools (e.g., 16S rRNA gene amplicons and metagenomics), which particularly facilitate characterization of the fastidious gut anaerobes. In human studies, Firmicutes dominance of the gut microbiota was consistently seen in obese subjects, and some diet therapies for obesity have been reported to be effective in modulating the composition of the gut microbiota toward a lean type [12] . Population-based cohort studies conducted in China and European countries indicated that the gut microbiota of type 2 diabetic patients was enriched with non-butyrate-producing species of the genus Clostridium and that there was a decreased abundance of butyrateproducing species; however, no further common patterns of gut microbiota community composition and predicted function were identified, suggesting the significant impacts of distinct lifestyles and long-term diets between the cohorts on the structure and functionality of the gut microbiota [13, 14] . The gut microbiota associated with obese and diabetic phenotypes is also characterized by a reduced abundance of Akkermansia muciniphila, which has been suggested to offer protection against excessive adiposity, inflammation in adipose tissue, metabolic endotoxemia, and insulin resistance [15] [16] [17] [18] . A. muciniphila was also found to be less abundant in older subjects and subject fed a high-fat diet [16] . Recent mechanistic studies on the physiological role of A. muciniphila indicate that it contributes to the amelioration of insulin resistance by mediating the negative effects of a pro-inflammatory cytokine, interferon-gamma (IFN-γ), on glucose metabolism [17] . On the other hand, the interaction between an outer membrane protein of A. muciniphila and the Toll-like receptor 2 (TLR2)-mediated signaling pathway has emerged as a candidate mechanism that underlies the beneficial role of A. muciniphila in host energy metabolism [18] .
Roux-en-Y gastric bypass (RYGB) represents a surgical therapy indicated for morbid obesity that enables substantial and sustained weight loss. Recent evidence has emerged that RYGB induces persistent restructuring of the indigenous gut microbiota, which in turn adds to the effectiveness of RYGB in addition to caloric restriction and malabsorption and leads to increased host glucose tolerance and insulin sensitivity. Colonization of non-operated GF mice with the cecal contents of those that had undergone RYGB allowed for significantly reduced host adiposity and body weight, substantiating the role of the gut microbiota in host metabolism and its potential in remediating obesity [19] .
Alternations of the gut microbiota have also been indicated to affect host metabolic homeostasis by inducing changes in the serum metabolomic profile, as revealed by recent efforts based upon exhaustive description of the human gut microbiota and serum metabolomics analysis. Specifically, two gut bacterial species, Prevotella copri and Bacteroides vulgatus, were identified to be highly capable of synthesizing branched-chain amino acids (BCAAs), which, along with lipopolysaccharide (LPS), were frequently observed occurring at elevated levels in the serum of insulin-resistant patients [20] . High-fat diet-fed mice colonized with P. copri also exhibited insulin resistance and impaired glucose tolerance secondary to an increased serum BCAA level [20] . However, the manner in which the colonization of P. copri correlates with host glucose metabolism is inconsistent between studies. For instance, P. copri seemed to promote host glucose metabolism in a separate study using mice that were fed on a high-fiber, low-fat diet [21] . This discrepancy suggests that the interactions between the gut microbiota and host metabolism may be subject to regulations via diverse mechanisms in different disease models or cohorts, which remain to be deciphered.
ANTIBIOTICS AND OBESITY
Antibiotic exposure is increasingly believed to modify the composition and thus the function of the gut microbiota. For example, a 7-day course of oral administration of vancomycin to obese males was reported to significantly reduce the abundance of the gram-positive bacteria, particularly the Firmicutes, along with the consequent exacerbated host peripheral insulin resistance [22] . In contrast, the use of amoxicillin (a β-lactam antibiotic), which is normally effective against gram-negative bacteria, exhibited no effect on either the Firmicutes or insulin sensitivity of the host [22] . These observations highlight the role of the gut Firmicutes in mediating obesity-induced insulin resistance.
The mechanisms that underlie the effects of early life antibiotic exposure on host adiposity have also been investigated in relation to the structural and functional alterations of the gut microbiota. For example, Cho et al. identified substantially increased adiposity in the 10-weekold mice that had been exposed to a range of antibiotics at subtherapeutic doses from 4 weeks of age, as compared with those that received no antibiotics. Significantly, a gut microbiota shift towards an increased ratio of the Firmicutes to Bacteroidetes was observed with enriched expression of genes involved in the conversion of carbohydrates into SCFAs. Moreover, elevated levels of gut hormones that are believed to regulate energy metabolism and growth, e.g., glucose-dependent insulinotropic polypeptide (GIP), were concomitantly detected [23] . In human studies, likewise, antibiotic exposure during early infancy (up to 6 months of age) was significantly associated with excessive adiposity at 38 months as characterized by increased body mass index (BMI) scores. Hence it is suggested to account for the increased risk of childhood obesity [24] . The differential effects of antibiotic use during and after early infancy are presumably related to the substantial modifications in the gut microbiota associated with the weaning process, which in humans often begins naturally at age 6 months.
GUT MICROBIAL METABOLITES AND OBESITY
Currently, a growing body of evidence reveals that the molecular interactions between the wide range of metabolites and cell components of the gut microbiota and host metabolism are essentially but differentially involved in the development of obesity, with diverse mechanisms being proposed to account for the related metabolic alternations. For example, specific members of the gut microbiota (e.g., the Clostridium and Eubacterium) contribute to the biotransformation of primary bile acids into their secondary forms within the intestine, whereby the gut microbiota regulates the host bile acid pool size. Secondary bile acids, particularly deoxycholic acid and lithocholic acid, are potent ligands of TGR5, a G-protein coupled receptor (GPCR). The BA-dependent activation of TGR5 stimulates the secretion of an incretin hormone, GLP-1, along with the subsequent release of insulin and hence mediates host energy expenditure [25] . Moreover, gut microbiota metabolism of diet-derived long-chain fatty acids, such as conjugated linoleic acid, gives rise to a multitude of fatty acid species, modulating the host lipid profile and thereby the predisposition to adiposity [26, 27] . Another class of gut microbial products of metabolic significance in the perspective of energy homeostasis is organic acids, among which SCFAs represent a substantial subset afforded by the gut microbial fermentation of dietderived, indigestible poly-and oligosaccharides and the carbohydrates that escape proximal digestion and adsorption. The role of SCFAs as an extra energy source for de novo lipogenesis has been well recognized; besides, accumulating evidence underlines the further involvement of SCFAs in host metabolism via additional mechanisms, as specifically discussed in the following section. Exposure to gut bacterial components has also been implicated in the pathogenesis of obesity and related metabolic conditions via induction of low-grade adipose tissue inflammation and gut microbiota modifications. Flagellin is a structural protein of the bacterial flagellum. Mice deficient in flagellin-recognizing TLR5 were found to exhibit increased adiposity and insulin resistance along with an obese-type gut microbiota. Transplantation of an altered gut microbiota conferred diminished insulin response and an increased susceptibility to obesity in the recipient mice [28] . The TLR5-dependent innate immune signaling hence provides a mechanism for the crosstalk between the gut microbiota composition and products and the immune and metabolic responses of the host individual.
DIETARY FIBER-DERIVED SHORT CHAIN FATTY ACIDS AND OBESITY
SCFAs, as described above, are a group of important gut microbiota metabolites that are indeed dietary fiber-derived fatty acids with up to six carbon atoms, including primarily acetate, propionate, and butyrate. Although dietary fiber has long been recognized to confer a number of metabolic benefits in the host including a lower risk for developing obesity and diabetes, the molecular mechanisms responsible for these benefits remained elusive until recent years. To date, SCFAs and their receptors have been increasingly appreciated as a pivotal mediator that links diet and the gut microbiota to host physiology by modulating endocrine responses, development and functioning of leukocytes, and the activity of enzymes and transcription factors. Therefore, it will be important to further illuminate the role of SCFA receptors pertaining to the efficacy of dietary interventions and gut microbiota manipulations in the management of obesity and energy metabolic syndrome [6] .
GPR41/free fatty acid receptor 3 (FFAR3) and GPR43/ FFAR2 represent two SCFA-specific GPCRs that prevalently occur on gut enteroendocrine cells, adipocytes, and immune cells. Mechanistic studies revealed that activation of GPR41 on enteroendocrine cells stimulated secretion of the gut hormone peptide YY (PYY), which functions to induce satiety and reduce food intake [29] , while SCFA-dependent GPR43 signaling was suggested to mediate host insulin sensitivity by promoting GLP-1 secretion [30] . Such molecular mechanisms of SCFA-receptor-mediated metabolic responses were further confirmed in human studies by the finding that administrating propionate to patients with obesity led to enhanced PYY and GLP-1 secretion with significantly reduced adiposity and overall weight gain [31] . The SCFA-GPR41/GPR43 interactions in gut epithelial cells have also been suggested to mediate the protective effects of diet and the microbiota by modulating host immune responses. For example, binding of SCFAs to GPR43 on colonic epithelial cells has been reported to alleviate colonic inflammation by augmenting NACHT, LRR and PYD domains-containing protein 3 (NALP3) inflammasome activation [32] . When expressed in the adipose tissue, GPR41 functions to stimulate leptin secretion [33] and GPR43 serves to suppress insulin signaling and adipogenesis [34] . GPR41 was also identified in neurons of the superior cervical ganglion, where it was shown to elevated energy expenditure by increasing sympathetic nervous system activity upon being activated by SCFAs [35] .
Recent evidence indicates that butyrate and propionate may also contribute to metabolic health by activating intestinal gluconeogenesis (IGN), which has a dual role in maintaining energy homeostasis: regulation of food intake and enhancement of insulin sensitivity. While butyrate could directly induce the expression of IGN genes via a cAMPdependent mechanism, the IGN activation by propionate was proposed to be mediated through a gut-brain neural circuit that involves GPR41 [36] . Herein, it is noted that butyrate, as a potent inhibitor of histone acetyltransferase and deacetylases (HDACs), epigenetically induces the proliferation and differentiation of immune cells [37] and upregulates the adiponectin-mediated AMPK pathway that stimulates mitochondria biogenesis and fatty acid oxidation [38] . In addition, the SCFA-induced GPR41/GPR43 signaling was reported to be capable of directly acting on pancreatic β cells to regulate insulin secretion [39] [40] [41] [42] . For example, McNeils et al. [40] demonstrated in vitro the enhancement of glucose-stimulated insulin secretion and β cell proliferation and gene expression by treating the isolated β cells with a GPR43-specific agonist.
More recently, GPR109A was identified as a GPCR specifically activated by niacin, β-hydroxybutryate, and butyrate. GPR109A, when expressed in colonic epithelial cells, was shown to induce the interleukin (IL)-10-and IL-8-mediated anti-inflammatory response that suppresses colonic inflammation upon binding of the ligand, while in adipose tissue, the ligand-GPR109A interactions likely mediate lipid homeostasis by augmenting the proliferation of local macrophages [43] . SCFAs were further suggested to be associated with blood pressure regulation via an olfactory receptor, Olfr78, which localizes in blood and renal vessels and responds to acetate and propionate [44] . The gut microbiota-derived SCFAs act on and interact with such a multitude of intricately intertwined cellular processes encompassing the nervous, endocrine, and immune systems in a highly tissue-specific manner that deciphering these processes and interactions remains a challenge that requires great effort from multiple disciplines. Simultaneously, however, the growing understanding of SCFAs and their receptors also provides novel therapeutic opportunities for obesity and related health risks by instigating or disrupting SCFA signaling in combination while simultaneously making use of potential as effective epigenetic modulators (Fig. 1) .
CONCLUDING REMARKS AND OUTLOOK
The significant correlations between the structural and metabolic alternations in the gut microbiota and host energy metabolism, indeed, highlight the exceptionally important role of diet in the development and prevention of obesity and other closely related metabolic disorders. Unraveling the complexity of the diet-gut microbiota-host homeostasis axis has led to novel intervention strategies to tackle metabolic disorders including the use of polysaccharide prebiotics coupled with probiotics enriched with SCFA-producing microbes and their extracellular components in functional foods or as dietary supplements. Fecal microbiota transplantation (FMT) from healthy donors also represents a promising treatment for dietinduced obesity through normalization of the gut microflora. In addition, further deciphering the molecular interactions between gut metabolites and host signaling pathways will create therapeutic and preventive opportunities for a wide range of metabolic syndromes.
